INTRODUCTION
Acid mine drainage (AMD) is one of the most serious types of water contamination due to its nature, magnitude, difficult solution and remediation costs (Azcue 1999 , Younger et al. 2002 . This environmental problem is usually a side effect of mining for sulphides and coal. Its origin is related to the presence of sulphides, which increase in reactivity due to mining and the processing of ore such as milling.
Sulphide minerals are stable and insoluble under reductive conditions. Therefore, pyrite and other sulphides stay preserved in anoxic environments, preventing the mobilization of metals and acids. However, when the reactive mineral comes into contact with oxygen and atmospheric moisture, the sulphide oxidation process occurs (Sáinz 1999) . A complex mechanism begins on the mineral surface, which leads to the production of acids and sulphates, as well as to the mobilization of metals and metalloids (Nordstrom and Alpers 1999 , Younger et al. 2002 , Banks 2004 .
At low pH values, the overall sulphide oxidation process may be catalysed by acidophilic chemo-autotrophic micro-organisms that increase the oxidation rate by a factor of 102 (Singer and Stumm 1970, Cánovas et al. 2007 ). The biological action assures the oxidation of iron, which acts as a strong oxidant, leading to the intensification of acidity and the maintenance of weathering chain reactions (Nordstrom and Alpers 1999, Younger et al. 2002) .
AMD contamination in the Iberian Pyrite Belt (IPB) is widely known for its antiquity and scale (Grande et al. 2010a ). The IPB is one of the largest metallogenic regions of the world, with numerous giant and supergiant massive sulphide ore deposits (Sáez et al. 1999) , comprising 1700 Mt of sulphide reserves (Pinedo-Vara 1963) . Consequently, the regional drainage network is strongly affected by AMD and acid rock drainage (ARD), as described by several authors: Elbaz-Poulichet et al. (1999, 2000, 2001) , Davis et al. (2000) , Grande et al. (2003a Grande et al. ( , 2003b Grande et al. ( , 2005a Grande et al. ( , 2005b Grande et al. ( , 2010a Grande et al. ( , 2010b Grande et al. ( , 2010c Grande et al. ( , 2010d Grande et al. ( , 2010e, 2011a Grande et al. ( , 2011b , Leblanc et al. (2000) , Borrego et al. (2002) , Sáinz et al. (2002 Sáinz et al. ( , 2003a Sáinz et al. ( , 2003b Sáinz et al. ( , 2004 Sáinz et al. ( , 2005 , Olıás et al. (2004 Olıás et al. ( , 2005a Olıás et al. ( , 2005b Olıás et al. ( , 2006 , Aroba et al. (2007) , Jiménez et al. (2009 ), de la Torre et al. (2009 , Carro et al. (2011) and Grande (2011) .
Mining activity was shut down for several years in the IPB and is now being slowly reactivated. Nevertheless, the regional water courses, such as the Odiel River basin, have continued to carry metals and sulphates from the continent to the ocean throughout this time (Sainz and Ruiz 2006) .
Taking into consideration rainfall intensity and the duration of the dry period, the Odiel River basin presents a dry Mediterranean climate, with annual precipitation around 500-700 mm. Precipitation is rather seasonal, being more frequent between October and May. In summer, it is almost absent. In the period 1980-2010, the average temperature was 17.4°C, while the minimum and maximum temperatures were 11.1 and 23.6°C, respectively.
In this type of semi-arid climate, dam construction is one of the most common solutions to meet population and industrial water needs. However, the vulnerability of the water surfaces to contamination is much greater than that of underground water (Grande et al. 2010d) .
Until now, the Odiel River has seldom been controlled by dams due to its high AMD contamination levels (Olıás et al. 2004 , Grande et al. 2010a . However, Spanish hydrological plans foresee the construction of two dams in the Odiel River basin for public water supply: the Alcolea Dam (300 hm 3 ; 37°27′19″N, 6°58′19″W) and the Coronada Dam (800 hm 3 ; 37°43′4″N, 6°45′47″W). It is expected that untreated waters received by the Alcolea Reservoir will have high levels of acidity, aluminium and other toxic elements. Therefore, it will be useful to understand the hydrogeochemical processes that occur in other AMD-affected reservoirs, such as the Sancho Reservoir (Fig. 1) .
The Sancho Dam was built in 1962 and is fed by the Meca River (Fig. 1) . Its waters are used for industrial purposes, supplying a pulp mill located 15 km downstream, in San Juan del Puerto (southwest Spain). It has a maximum storage capacity of 58 hm 3 , with a crest length of 224 m and a height of 56 m a.s.l., and the impounded water covers an area of 4.27 km 2 . The total watershed area is 314 km 2 . The Meca River (Fig. 1) receives contaminated waters from different subsidiary tributaries affected by AMD, mostly from the abandoned Tharsis and Carpio mines (southwest Spain). These mines define an important AMD-generating zone, referred to as the Rivera Meca-Sancho by Grande et al. (2010a) , and its typical AMD properties are presented in Table 1 .
In accordance with the above scenario, the present study has the following objectives:
1. to discover the relationship between the variables and the hydrochemical variations related to AMD in the Sancho Reservoir; 2. to describe horizontal stratification related to vertical salinity and variations in metals; and 3. to understand the mechanisms that control the physico-chemical processes responsible for toxicity and a reduction in the mobility of metals.
The information obtained may be used to establish risk evaluation criteria and to design future remediation strategies, which could be useful for new dams.
Geological framework
The Odiel River is located in the IPB, in the southwest of Spain (Fig. 2) . The IPB covers an area of about 6900 km 2 . It runs from Seville in southern Spain to the west coast of Portugal, and contains numerous Palaeozoic massif sulphide deposits (mainly, Cu, Pb and Zn), the largest in the world according to Sáez et al. (1999) .
The IPB reveals a highly complex lithology with many different types of rock that vary greatly in their spatial and temporal distribution. Essentially, there are three major units: the Culm group, the volcanosedimentary complex (VSC), and the Devonian prevolcanic sediments (PQ group).
The Culm group comprises the sedimentary and post-volcanic rocks of the IPB (Moreno and González 2004) . Petrographic studies reveal that fragments of sedimentary and volcanic origin are the major lithic components of the Culm litharenites.
The VSC is the most metallogenically important unit. It consists of a heterogeneous sedimentary series with interbedded magmatic rocks of varying nature and composition. Among sedimentary rocks, those of detrital and volcanoclastic origin predominate. The presence of common chemical Hydrochemical characterization of an acid mine drainage-affected reservoirsedimentary rocks may also be observed, including massive sulphides, manganese jaspers and some discontinuous levels of fossiliferous limestones (Sáez et al. 2010) .
The PQ group has a minimum thickness of 2000 m and its lithostratigraphic features are the same throughout the whole IPB, except near the top where some differentiation is observed in various places. Most of the stratigraphic column units consist of dark shales (grey to black) with fine sandstone layers Sáez 1990, Sáez and Moreno 1997) .
MATERIALS AND METHODS
The hydrochemical characterization was based on a sampling campaign performed in October 2011. Sample collection was carried out from the surface to the bottom of the reservoir; 28 samples were obtained at 1-m-deep intervals. Unlike previous studies (Sarmiento et al. 2009 , de la Torre et al. 2010 , which used three sampling points, the present study was based on comprehensive stratified sampling.
A Hydro-Bios water sampler allowed samples to be extracted at various depths. The temperature, pH, EC and total dissolved solids (TDS) were measured in situ, using a portable multiparametric multimeter (Crison MM 40; Crison Instruments, Barcelona, Spain). Dissolved oxygen (DO) was measured using a Hydrolab Quanta probe.
Duplicate samples were taken at each depth. Three per cent nitric acid was added to one sample to prevent the metals precipitating out before laboratory analysis, so that they could be analysed without their concentration being altered. The second sample, to which no type of acid was added, was used for sulphate analysis. Following collection, the samples were immediately refrigerated, transported in polyethylene bottles (100 mL), kept in the dark and stored at 4°C until analysis.
Metal concentrations (Al, Zn, As, Sb, Ni, Cd, Cu and Mn) were determined using an air-acetylene flame atomic absorption spectrometer (PerkinElmer AAnalyst 800; PerkinElmer, Norwalk, CT, USA), equipped with a graphite furnace and hydride generator. Sulphates were determined by ion chromatography with suppressed conductivity detection (Standard Methods 4110). All samples were analysed twice to check accuracy. The results were also compared with those from ENCE (the dam operator company), which performs monthly sampling, and identical results were obtained.
The results of the analyses were submitted to statistical treatment using Statgraphic Centurion XV package. This allowed a statistical summary to be obtained and, additionally, multivariate factor analysis to be performed. Factor analysis was applied to the variables, using all the samples in the database, in order to find hydrogeochemical affinities. It was also applied to observations, in order to find affinities between the samples. Table 2 shows the volume of data obtained from sampling, which was carried out at a point in the Sancho Reservoir, at 28 different point depths, with a distance of 1 m depth between each. In addition, Table 2 shows the basic statistical parameters (minimum, maximum, average and variance) obtained for each parameter. Since As was below the detection limit (<0.001 mg L -1 ) in all samples, the data are not shown. Higher acidity was found in the surface water; therefore, all samples present pH of less than 4, except at depths below 19 m, where it increases, reaching a maximum value of pH 4.67 ( (Grande et al. 2005a , 2010d , Valente and Leal Gomes 2009 . Arsenic is always below the detection limit, and Ni and Sb are the metals with the lowest concentrations (about 100 times less). Table 3 shows the correlation coefficient between pairs of variables, which varies between 1 and −1. Depth has a high positive correlation (>0.8) with Pb (0.82), Al (0.88) and pH (0.85). However, it has a negative correlation with temperature (-0.88), DO (-0.92) and, although slightly lower, with Zn (-0.74). Zinc shows equally high negative correlations with Fe (-0.82) and pH (-0.9), and positive correlations with temperature, T (0.92) and DO (0.89).
RESULTS
EC has high positive correlation with Mn (0.86) and TDS (0.98), and rather lower values with DO (0.75). Lower correlations were found: for Fe with T (-0.76) and pH (0.73); for Al with DO (-0.75), T Before using the multivariate statistical method, all parameters data were standardized with the corresponding z-score to ensure homogeneity, as follows:
where x is the variable value; and μ and σ are the average and the standard deviation of all data, respectively.
Figures 3 and 4 present the results of factor analysis. Factors I and II explain 78% of the total data variance in relation to the studied variables (I: 59%, II: 19%; Fig. 3 ). Those variables with more weight on the positive side of Factor I are temperature and Zn, while pH, Al, depth, Pb and Fe are on the negative side (Fig. 3) . Factor II is defined by EC, TDS, sulphates, Mn and Cu. DO is in a close to intermediate position in relation to factors I and II, but affects the former more than the latter. Finally, the variables Ni, Cd and Sb are located away from the extremes, so they have no clear influence on either factor.
In terms of observations (Fig. 4) , the following groups can be distinguished: a first group (G1) consisting of samples 1-16 (more superficial), a second group (G2) defined by samples 17-20 and a third Fig. 3 Factor analysis-variables (D: depth from water surface; C: electrical conductivity; TDS: total dissolved solids; DO: dissolved oxygen). Fig. 4 Factor analysis-samples.
(G3) consisting of samples 21-28. The thermal stratification and its respective areas in the Sancho Reservoir are shown in Fig. 5 . The evolution in depth of various factors is shown in Fig. 6 (Fig. 6 ). DO shows a slow decrease (between 6 and 5 mg L to nearly 20 m, followed quickly by an increase; Cu shows a decreasing trend until 20 m, then increases suddenly in the opposite direction; Pb, like Al, increases with depth; Ni and Cd do not show large fluctuations in concentration as the depth increases; and, finally, Sb has very irregular behaviour without showing a clear tendency towards an increase or decrease.
DISCUSSION
As the statistical summary reveals, the waters of the Sancho Reservoir present typical AMD characteristics, i.e. low pH and high concentrations of metals. However, this pollution is less pronounced than that in the River Meca, whose waters it collects, due to dilution processes that occur in the Sancho Reservoir.
According to Wetzel and Wilkin (1991) and Wetzel (2001) , a relative depth index (equation (2)) can be defined for an aquatic environment. This allows the comparison of different types of lakes and gives a preview of certain limnology aspects:
where z m is the maximum depth and A 0 is the surface area.
Relatively shallow lakes, which present results of between 3% and 10%, are known as holomictic lakes. These generally undergo mixing at least once a year, which affects the entire water column, introducing oxygen from the surface to the deepest layers. If the temperature is above 4°C, the lake is called warm monomictic. Lakes with a high relative depth, of between 10% and 40%, are called meromictic. They are characterized by a permanent chemical stratification, caused by the lack of mixing processes in the deepest layer.
In the present case, the Sancho Reservoir, with an area of 4.27 km 2 and a maximum depth of 28 m, would have a low relative depth of 1.2%. As a result, it could be included in the group of holomictic lakes. It would show thermal stratification for most of the year and a complete homogenization of the whole column in the cold months. Additionally, and taking into account that its temperature is higher than 4°C, it would also be considered a monomictic lake. The evolution of temperature over depth (Fig. 5 ) describes this type of lake, in which three areas are distinguished: the epilimnion (the warmest and most shallow, with temperatures around 25°C, and about 15 m thick), the metalimnion or thermocline (where a sharp drop in temperature is produced, about 10°C and measuring only 5 m), and the hypolimnion (the deepest, thickest layer, with a nearly constant temperature of around 14.5°C).
The fact that the highest values for EC and TDS were found at the surface could be explained by evaporation processes and salt concentrations produced in the most superficial epilimnion layer. Therefore, the parameters pH, EC, TDS, DO and temperature reveal a vertical transition zone, which would be located at a depth of approx. 15-20 m. This defines an area called the metalimnion or thermocline, which separates the epilimnion from the hypolimnion (Fig. 5) . In Fig. 7 , it can be seen that at around 15-20 m, corresponding to the metalimnion, most of the ions evolve in one direction or the other.
If we consider temperature and DO (Fig. 6) , it can be seen that the thermocline and oxycline are in the same position. This suggests that oxygen concentration depends more on mixing, due to wind turbulence, than on biological activity. The surface of the reservoir is quite large (4.27 km 2 ), which would favour wind action on its waters, leading to an increase in the depth of the epilimnion (about 15 m). This thicker epilimnion may promote greater connection with the oxygenated surface layer. Therefore, deeper areas are not too disconnected from the oxygenated surface, inhibiting the occurrence of reducing conditions. Additionally, there is an input of nutrients from the epilimnion. Such nutrients may favour the growth of algae, increasing the DO. According to Peine and Peiffer (1998) and Wendt-Potthoff and Neu (1998) , phytoplankton activity leads to an increase in alkalinity in lakes and reservoirs. In the Sancho Reservoir, this may, in part, neutralize the acidity received from AMD.
In the metalimnion, at a depth of approx. 15-20 m, almost all the oxygen is consumed rapidly in the course of stratification of the profile (Fig. 6) . These anoxic or low DO conditions are found in the hypolimnion. These reducing conditions are followed by pH increase in the hypolimnion, with values of between 4.5 and 5. At this pH range, reduction and dissolution of Fe(III) phases may occur (Younger et al. 2002) , such as the oxyhydroxysulphate Schwertmannite:
This mineral has a typical pH formation range of 2-4 (Bigham et al. 1996, Sidenko and Sherriff 2005) , which would cause an increase in Fe and H + consumption in the hypolimnion (equation (3)). This is in agreement with Sánchez-España et al. (2009) , who consider Schwertmannite a major controller of Fe(III) concentrations in the mine waters of the IPB.
Furthermore, a pH increase noticed in the hypolimnion may be related to sulphate reduction under anaerobic conditions. This process occurs in the bottom of the reservoir, and is related to the organic matter that has accumulated in the sediment (Drever 1997) :
It may cause alkalinity (Drever 1997, Heijs and van Gemerden 2000) and is in agreement with the observed decrease in sulphates and increase in EC. In AMD systems, sulphate reduction to sulphide occurs at a pH of between 2 and 3 (Koschorreck et al. 2003) . Nevertheless, Church et al. (2007) show sulphate reduction at a pH of between 4.0 and 7.5 when catalysed by anaerobic bacteria. Additionally, the anoxic conditions in the hypolimnion are associated with an increase in Fe and Mn concentrations in this zone (Fig. 7) . Wetzel (2001) has described a reduction in metal compounds according to the following equations:
This oxidation of organic matter may contribute to the increase in EC and dissolved solids observed in the deeper layer. In turn, and according to Peiffer et al. (1999) and Tipping et al. (2002) , Fe and Mn increases should be enhanced by the formation of stable humic complexes. Besides these two metals, metallic load increase in the hypolimnion is also evident for Cu, Pb and Al. In the case of Cd, Ni and Sb, with smaller concentrations than those reported above (μg L -1 ), the changes are smaller.
These increases may be related to an iron particulate dissolution process that promotes the release of other adsorbed metals. The only metal that does not follow the above tendency is Zn. Its decreasing concentration seems to be directly controlled by pH, as indicated by the high correlation coefficient between both variables (-0.90). One possible explanation could be that it was adsorbed by clay, organic matter or aluminium hydroxides when pH increased.
Additionally, and as can be seen above, factor analysis shows the geochemical affinities between the two sets of variables (Fig. 3) , defined according to factors I (59%) and II (19%). These groups may be related to the following processes: sulphate reduction (F1) and salinity (F2). Since the Sancho Reservoir receives major contributions from AMD (Nordstrom and Alpers 1999 , Younger et al. 2002 , López-Pamo et al. 2009 ), its hydrochemistry is mainly determined by sulphide oxidation processes. The sulphate reduction process (F1) may take place in the deepest parts of the reservoir that are depleted of oxygen. Therefore, the major controlled variables are DO and temperature (the positive side), and depth, pH, Al, Pb and Fe (the negative side). The proximity between pH and Al suggests that pH is related to precipitation of this ion. The process has already been described in the IPB by López-Pamo et al. (2009) and Santofimia-Pastor et al. (2011) , who indicate that this ion may cause a buffer effect, precipitating and increasing H + concentration. In terms of salinity (F2), ion sulphate dissolution (coming from pyrite oxidation) may be the main variable responsible for an increase in EC and TDS. This process may occur in the shallower areas of the reservoir, which are richer in oxygen.
The groups observed in Fig. 4 also satisfy these two processes: group G1 brings together the shallower conditions (down to 16 m), which are more oxygenated, with more salinity (this high sulphate concentration and lower pH define the epilimnion); G2 corresponds to conditions in the intermediate zone (between 17 and 20 m) and defines the metalimnion; and G3 brings together the deepest conditions, the hypolimnion, with higher pH and lower oxygen, salinity and sulphate concentration.
CONCLUSIONS
The hydrogeochemical study of the Sancho Reservoir has shown that the dilution effect is not sufficient to neutralize AMD contributions from the mining activity in the River Meca basin. This is revealed by the high average sulphate levels, high EC and low pH. In terms of metallic charge, the high concentrations of Fe, Mn, Zn, Pb and Cu, among others, stand out.
Sampling carried out from the surface water to the deepest layers reveals the stratification of the reservoir, allowing it to be included in the group of monomictic and holomitic lakes. Therefore, and taking temperature into account, the epilimnion can be identified from the surface down to 15 m; the metalimnion at 16-21 m below the surface; and the hypolimnion at 21-28 m below the surface. This stratification also responds to EC, TDS, DO and pH.
The reservoir shows a more oxygenated upper part (mainly because of wind turbulence), defining the eplimnion. This extends to the upper part of the metalimnion (possibly due to the contribution of nutrients from the epilimnion). Conversely, in the deeper areas of the hypolimnion, anoxic conditions or low concentrations of DO are found. The pH increases with depth, being higher in the hypolimnion, where oxygen shortage favours highly reducing conditions. In turn, there is sulphate reduction from the organic matter, which may increase alkalinity, as shown by a decrease in sulphates and an increase in EC.
Most of the metal ions increase in the hypolimnion. This is most evident for Fe, Mn, Cu, Pb and Al. Such an increase may be due to Fe particulate dissolution, together with the release of other metals adsorbed on the precipitates. But, there is a decrease in Zn concentration, which could be adsorbed by clays, organic matter or aluminium hydroxides.
The statistical treatment, by factor analysis, also revealed the stratification of the reservoir. In addition, it demonstrated the hydrogeochemical affinities related to sulphate reduction processes (F1) and salinity (F2). Factor 1 reflects hypolimnion conditions, more depleted in oxygen; while F2 may be related to the epilimnion, with ion sulphate being the main variable responsible.
These conclusions match those of a preliminary study (Sarmiento et al., 2009) ; the information may be used to establish risk evaluation criteria and to design future remediation strategies, which could be useful in the design of new dams.
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